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Norrin is a cysteine-rich growth factor that is required for angiogenesis in the eye, ear, brain, and female 
reproductive organs. It functions as an atypical Wnt ligand by specifically binding to the Frizzled 4 (Fz4) receptor. 
Here we report the crystal structure of Norrin, which reveals a unique dimeric structure with each monomer 
adopting a conserved cystine knot fold. Functional studies demonstrate that the novel Norrin dimer interface is 
required for Fz4 activation. Furthermore, we demonstrate that Norrin contains separate binding sites for Fz4 and 
for the Wnt ligand coreceptor Lrp5 (low-density lipoprotein-related protein 5) or Lrp6. Instead of inducing Fz4 
dimerization, Norrin induces the formation of a ternary complex with Fz4 and Lrp5/6 by binding to their 
respective extracellular domains. These results provide crucial insights into the assembly and activation of the 
Norrin-Fz4-Lrp5/6 signaling complex. 

[Keywords: Norrin structure,- cystine knot growth factor,- Wnt/p-catenin signaling; Frizzled 4; low-density lipoprotein 
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Wnt signaling plays essential roles in animal embryogen- 
esis, tissue homeostasis, and numerous diseases (Huelsken 
and Behrens 2002; Logan and Nusse 2004). The canonical 
Wnt signaling pathway is mediated by the direct binding of 
Wnts to the Frizzled (Fz) family of receptors and to the Wnt 
coreceptors Lrp5 (low-density lipoprotein receptor-related 
protein 5) and Lrp6, which typically results in activation 
of the p-catenin/TCF transcriptional pathway (He et al. 
2004). Norrin is an atypical Wnt ligand, which can activate 
P-catenin signaling through its specific binding to the Fz4 
receptor (Xu et al. 2004). 

Norrin is encoded by the Norrie disease protein (NDP) 
gene, which is named after Norrie disease, a rare but severe 
retinal hypo vascularization disease,- mutation in the NDP 
gene also causes the related milder disorder familial 
exudative vitreoretinopathy (FEVR) (Chen et al. 1993; 
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Berger 1998). To date, >100 different disease-causing NPD 
mutations have been mapped (Ye et al. 2010). Norrin plays 
important roles in angiogenesis for not only eye develop- 
ment but also the development of the ear, brain, and 
female reproductive system (Rerun et al. 2002,- Luhmann 
et al. 2005). Norrin has pronounced neuroprotective prop- 
erties for retinal neurons (Seitz et al. 2010). Norrin is also 
required for maintaining the integrity of the blood-brain 
barrier and blood-retina barrier,- loss of the latter is in- 
volved in a wide range of diseases, including age-related 
macular degeneration (AMD) and diabetic macular edema 
(Wang et al. 2012). Retinal hypovascularization diseases 
such as diabetic retinopathy, AMD, and retinopathy of 
prematurity (ROP) are leading causes of vision impairment 
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and blindness, which collectively affect —20 million pa- 
tients in the United States alone. While Norrie disease 
and FEVR are rare, Norrin has also been reported to 
suppress both vascular loss and pathological neovascu- 
larization in a mouse model of ROP (Ohlmann et al. 
2010), suggesting that recombinant Norrin protein may 
have therapeutic value for the treatment of not only 
Norrie disease and FEVR but also ROP, diabetic retinop- 
athy, and AMD. 

Like Wnts, Norrin specifically binds with high affinity 
to the N-terminal extracellular cysteine-rich domain 
(CRD) of Fz4 to activate the p-catenin signaling pathway 
(Xu et al. 2004). Importantly, mutations in Fz4 cause 
FEVR, as do mutations in Lrp5 (He et al. 2004), suggesting 
that Lrp5 may function in the same pathway as Norrin and 
Fz4. Moreover, cotransfection with Lrp5 (or its close 
homolog, Lrp6) greatly potentiates Norrin-mediated Fz4 
activation (Xu et al. 2004), suggesting that Lrp5/6 may 
function as Norrin coreceptors, analogous to their role as 
Wnt coreceptors. However, the mechanism of how Lrp5/6 
participate in Norrin/Fz4 signaling remains puzzling be- 
cause Norrin (in contrast to Wnts) did not show a direct 
interaction with Lrp5/6 in cell-based binding assays (Xu 
et al. 2004). A tetraspanin family protein, Tspanl2, has 
been identified as an additional factor specific for Norrin- 
induced, but not Wnt-induced, p-catenin signaling (Junge 
et al. 2009). Tspanl2 is thought to have chaperone activity 
to further stabilize Norrin-Fz4 signaling complexes. 

Norrin belongs to the cystine knot growth factor 
superfamily and shows weak homology (sequence iden- 
tity <17%) with transforming growth factor-(B (TGF-p) 
proteins. No structural information is available for Nor- 
rin or its close homolog in part due to the difficulties in 
obtaining pure proteins for structural studies. In this 
study, we report the expression, purification, crystalliza- 
tion, and structure determination of Norrin. The struc- 
ture revealed that Norrin forms a unique dimer. Func- 
tional studies indicated that the novel Norrin dimer 
interface is required for Fz4 activation. Structure -based 
mutagenesis further revealed that Norrin contains sepa- 
rate binding sites for Fz4 and Lrp5/6. Mutations in either 
binding site compromise Fz4 activation by Norrin. We 
demonstrate that Norrin activates Fz4 through assembly 
of a complex of Norrin, Fz4, Lrp5/6, and Tspanl2. 

Results 

Active Norrin dimer can be purified as an MBP 
(maltose-binding protein) fusion protein 

Norrin is a small protein containing 1 1 cysteines and is 
difficult to purify from mammalian sources ( Perez -Vilar 
and Hill 1997). Previous work that focused on purifying 
recombinant Norrin protein from insect cells failed to 
produce Norrin at high purity or in high yield (Shastry and 
Trese 2003). Similarly, our attempts to express Norrin in 
mammalian cells were not successful, while expression in 
standard Escherichia coli systems resulted in the forma- 
tion of inclusion bodies. We therefore developed a new 
expression and purification method for Norrin based on an 



E. coli system that we used for class B G-protein-coupled 
receptor (GPCR) extracellular domains (ECDs), which 
contain several disulfide bonds (see the Materials and 
Methods,- Pioszak and Xu 2008; Pioszak et al. 2008). Using 
this system, human Norrin (residues 25-133, without its 
signal peptide) fused to the C terminus of MBP could be 
expressed as a soluble protein (Fig. 1A). 

The purified MBP-Norrin protein formed disulfide 
bond-linked dimers that migrated at the predicted mo- 
lecular weight of 106 kDa under nonreducing conditions 
and 53 kDa under reducing conditions (Fig. 1A). MBP- 
Norrin also runs as a dimer peak on a gel filtration column 
(Fig. IB). The fusion protein was active in binding to a 
mammalian-produced Fz4 CRD fused with an FcH6 tag 
(Fz4-FcH6), as determined by both bio layer interferometry 
(Fig. 1C) and AlphaScreen luminescence proximity assays 
(Fig. ID). The binding avidity between the MBP-Norrin 
dimer and Fz4-FcH6 dimer was determined to be ~ 1 1 nM 
by AlphaScreen saturation binding curves (Fig. IE) and 
5 nM by biolayer interferometry (Supplemental Fig. 1A), 
which is similar to that of mammalian Norrin to Fz4 in an 
earlier report (Xu et al. 2004). As expected, binding was 
specific to Fz4 because we were unable to detect any 
interaction with the Fz8 CRD (Fig. 1C,D). Recombinant 
MBP-Norrin was also active in cell-based reporter assays. 
293STF cells without Fz4 expression did not respond to 
exogenously added MBP-Norrin (Fig. IF). Recombinant 
MBP-Norrin protein increased the TCF reporter activity 
of cells transfected with full-length Fz4 by about twofold 
and of cells cotransfected with Fz4 and Lrp5 to about 
sixfold in a dose- dependent manner, with an EC 50 of 
~6 nM (0.6 |JLg/mL) (Fig. IF). Cotransfection of 293STF 
cells with Fz4, Lrp5, and MBP-Norrin mammalian expres- 
sion vectors caused similar levels of activation, which 
were about half of those obtained by cotransfection with 
the untagged Norrin (Fig. 1F,G). This indicates that the 
purified MBP-Norrin protein is active and selective for 
activation of Fz4, consistent with the previous report 
(Xu et al. 2004). To examine whether Norrin is lipid- 
modified and therefore hydrophobic, as reported for Wnt 
ligands (Willert et al. 2003; Takada et al. 2006; Janda et al. 
2012), a phase separation experiment was performed. 
MBP-Norrin expressed from mammalian cells partitioned 
into the aqueous phase, whereas MBP-rhodopsin (a GPCR 
membrane protein) partitioned into the detergent phase 
as expected (Fig. 1H). So, in contrast to Wnts, Norrin is 
a hydrophilic protein without detectable lipid modifica- 
tion, which is consistent with the fact that Norrin lacks 
the conserved saposin-like domain of Wnts, where the 
lipid-modified serine residue is located. 

The crystal structure of MBP-Norrin reveals a novel 
dimer ic complex 

We were able to generate high-quality crystals of MBP- 
Norrin that allowed us to determine its structure to 2.4 A 
resolution (Table 1). There is excellent electron density 
for the Norrin molecule in the crystal (Supplemental Fig. 
IB). The structure was solved with the phase information 
derived from the MBP molecular replacement solution, 



2306 GENES & DEVELOPMENT 



150-^ 
100-^ 

75 

50 
37- 



M 1 2 3 4 5 6 



B 



670 158 44 17kDa 



•Dimer 



«- Monomer 



101 kDa 




M. Marker, 1&4. Fz4-Fc, 2&5. Fz8-Fc, 

3&6. MBP-Norrin, 

1-3 (non-reduced), 4-6 (reduced). 



^1 Singlet Oxygci^^ J 

Donor Bead ^Acceptor Bead 

b-Norrin Fz4Fc.H6^ 




0.01 



16 1 
14- 

12« 
' 10- 
8- 
6- 
4- 
2- 
0 



0.1 1 10 100 
[btMBP-Norrin](nM) 



Fz4+Lrp5 



1000 



MBP 

MBPNorrin 



2.0 0.6 2.0 2.0 2.0 2.0 2.0 2.0 0.1 0.25 0.6 1.0 2.0 3.0Mg/ml 



H 



Norrin 
Rho 



1 Total 

2. Aqueous Phase 

3. Detergent Phase 



Empty vector MBP-Norrin 



Norrin 



Figure 1. MBP-Norrin protein is functional in binding assays and cell-based reporter assays. (A) SDS-gel analysis of purified Fz4-FcH6, 
Fz8-FcH6, and MBP-Norrin proteins separated under nonreducing (lanes 1-3) and reducing (lanes 4-6) conditions. Fz4-FcH6 and Fz8- 
FcH6 are fusion proteins whose dimerization is mediated through the disulfide bonds in the Fc portion. MBP-Norrin dimerization is 
mediated through disulfide bonds in the Norrin molecules. (B) Size exclusion column (120 mL of Superdex) profile for MBP-Norrin. 
MBP-Norrin eluted at 75 mL, corresponding to the size of a dimer. (C) Binding of MBP-Norrin to Fz4-FcH6, Fz8-FcH6, or human IgG 
was measured by biolayer interferometry. Protein A biosensors were loaded with Fz4-FcH6, Fz8-FcH6, or human IgG. The loaded 
biosensors were incubated sequentially with buffer in the baseline phase, MBP-Norrin protein in the association phase, and buffer in 
the dissociation phase. (D) The binding of 10 nM recombinant biotin-MBP-Norrin protein to 20 nM Fz4-FcH6 or Fz8-FcH6 as measured 
by AlphaScreen assay [n = 3; error bars indicate SD). (£) Saturation binding curve for biotin-MBP-Norrin to 4 nM Fz4-FcH6 as measured 
by AlphaScreen assay. The Kd was determined as 1 1 nM by nonlinear regression using GraphPad Prism, (i 7 ) Bacterially expressed MBP- 
Norrin activates TCF-mediated lucif erase reporter activity in Fz4-expressing cells. 293 STF cells were transfected with the indicated 
constructs, and lucif erase activity was measured as described. (G) Activation of TCF-mediated lucif erase activity in cells coexpressing 
Fz4 and Lrp5 in the presence or absence of MBP-Norrin or Norrin. [H) The hydrophobicity of MBP-Norrin as determined by phase 
separation assay. MBP-Rhodopsin was used as a control. The MBP-Norrin samples were probed with an anti-Norrin antibody, and MBP- 
Rhodopsin samples were probed with an anti-MBP antibody. 
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Table 1. X-ray diffraction data collection and refinement 
statistics 

MBP-Norrin 



Data collection 



APS beamline 


21-ID-G 


Space group 


P2i2i2 


Resolution 


50 A-2.4 A 


Cell parameters 


a = 59.5 A, b = 79.0 A, 




c = 104.2 A; a = p = 7 = 90° 


Total/unique reflections 


188,712/19,865 


Completeness 


100.0% (100.0%) 


I/a 


13.1 (3.0) 


Redundancy 


9.5 (9.0) 


•^sym 


0.156 (0.883) 


Structure determination 




Resolution 


50 A-2.40 A 


Number of reflections 


18,833 


Number of residues 


474 


Number of solvent molecules 


186 


Number of non-H atoms 


3898 


R cry st 


20.0% 


-Rfree 


23.6% 


RMSD bonds 


0.011 A 


RMSD angles 


1.60° 


Average B factor 


41.6 A 2 


Ramachandran statistics 




Most favored regions 


91.1% 


Additional allowed regions 


8.7% 


Generously allowed regions 


0.2% 


Disallowed regions 


0% 



which revealed that MBP is involved in crystal packing 
interactions (Supplemental Fig. 2A). Thus, the inclusion 
of MBP as a fusion tag not only helped increase the 
solubility of Norrin but also aided in crystallization and 
structure determination of the fused protein. 

In the structure, MBP-Norrin is arranged as a homo- 
dimer with one monomer per asymmetric unit (Supple- 
mental Fig. 2B). Each Norrin monomer consists solely of 
P strands and loops (no a helices) and forms a very flat 
structure (59 A X 16 A X 6 A) that includes a cystine knot 
motif (Fig. 2A). The motif contains an unusual clustering 
of three disulfide bonds, two of which, with their con- 
necting peptide backbone, form a ring structure that is 
threaded by a third disulfide bond. In the Norrin struc- 
ture, the cystine knot is near the center of each monomer, 
with two disulfide bonds (C65-C126 and C69-C128) and 
four amino acid backbones forming an eight-residue ring 
through which a third disulfide bond (C39-C96) passes 
(Fig. 2A ; Supplemental Fig. 8B). On the left side of the 
cystine knot are four p strands (pi to (34) that form two 
anti-parallel (3 hairpins. The (3 hairpins are stabilized on 
one end by the cystine knot structure and on the other 
side by a Norrin-specific disulfide bond (C55-C110) that 
connects the (31-|32 loop with the (33-(34 loop. On the 
right side of the cystine knot is an additional (3 hairpin 
formed by strands (32' and p3'. 

The Norrin dimer is formed by two highly intertwined 
monomers that bury 1543 A 2 of surface area (Fig. 2B). In 
contrast to only one intermolecular disulfide bond (C95- 
C95) predicted previously (Smallwood et al. 2007), three 



disulfide bonds were observed between the two mono- 
mers: two disulfide bonds (C93-C95 and C95-C93) that 
link the two adjacent p3' strands from each monomer and 
one disulfide bond (C131-C131) that links the C termini 
of both monomers (Fig. 2C). The dimeric interface is 
further stabilized by intermolecular hydrogen bonds from 
P2' of one monomer to p2 and p4 of the other monomer 
(Fig. 2D). As is typical for cystine knot growth factors, 
Norrin monomers lack a hydrophobic core on their own 
but, in the context of dimers, form a well-defined hydro- 
phobic core that is partly mediated by symmetric packing 
of F89 and 1123 from each monomer (Fig. 2E). Its exten- 
sive dimer interface suggests that Norrin functions as 
a dimeric protein. 

Structural comparison of Norrin with TGF-/3 growth 
factors 

The cystine knot structural motif is found in a number of 
growth factors, including nerve growth factor (NGF), 
TGF-p, bone morphogenetic protein, platelet-derived 
growth factor (PDGF-BB), and glycoprotein hormones 
such as human chorionic gonadotropin (Sun and Davies 
1995). Using TGF-p as a typical example, the structure of 
Norrin was compared with that of TGF-P3 (Supplemental 
Fig. 3). Both monomeric Norrin and monomeric TGF-P3 
have a highly conserved cystine knot structure but also 
have significant differences in four regions (Supplemental 
Fig. 3A). The most noticeable difference is the insertion 
between p2 and p3, which forms a two-stranded p hairpin 
with a long loop in Norrin (Supplemental Fig. 3 A, box 1) 
and an a -helical structure in TGF-P3. A second difference 
is that the pl-p2 and p3-p4 loops are linked by a disul- 
fide bond in Norrin (Supplemental Fig. 3 A, box 2) but are 
not constrained in TGF-P3. Other differences are the N 
terminus and the region between pi and p2, which form 
a helices in TGF-P3 (Supplemental Fig. 3 A, boxes 3 and 4) 
but form loop structures in Norrin. Norrin has an overall 
L-shaped structure, whereas that of TGF-P3 is more planar. 
Both Norrin and TGF-p proteins form homodimers. TGF- 
P3 forms a single disulfide bond-linked dimer, whereas 
Norrin forms a dimer linked by three disulfide bonds, with 
the Norrin dimer having a more extended, curved shape 
due to the unique insertion between p2 and p3 (Supple- 
mental Fig. 3B). The comparison suggests that the cystine 
knot structural fold is very plastic and can tolerate many 
different variations, while dimerization is a common fea- 
ture to maintain the structural integrity. 

The dimeric interface of Norrin is important for its 
function 

To understand the role of the dimer conformation for 
Norrin function, we mutated the three intermolecular 
disulfide bond-forming cysteines either individually 
(C93A, C95A, or C131A) or in combination (C93A/ 
C95A/C131A). The mutant and wild-type Norrin con- 
structs were transfected with Fz4 or Fz4 plus Lrp5/6 to 
assess their ability to activate the p-catenin/TCF lucif- 
erase reporter. Transfection of wild-type Norrin with 
Fz4, but not with Lrp5 or Lrp6, activated the TCF re- 
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Structural basis for Norrin signaling 




Figure 2. The crystal structure of human Nor- 
rin protein. [A) The structure of the Norrin 
monomer is shown in a rainbow color scheme 
from the N terminus (blue) to the C terminus 
(red), with four intramolecular disulfide bonds 
(C39-C96, C65-C126, C69-C128, and C55- 
C110) shown as stick models. MBP is omitted 
for clarity. [B) The structure of a Norrin dimer 
with the monomers colored green and magenta. 
(C) The Norrin dimer, showing the three inter- 
molecular disulfide bonds (C93-C95, C95-C93, 
and C131-C131). (D) The Norrin dimer is further 
stabilized by intermolecular hydrogen bond in- 
teractions between (32' of one monomer (green) 
and (32 and (34 from the other monomer (ma- 
genta). (£) Hydrophobic F89-I123 interaction at 
the dimeric interface. [F] Each Norrin dimer 
binds to two Fz4 CRDs. Fz4-T4L-v5H6 or T4L- 
v5H6 was immunoprecipitated with v5-agarose 
beads. Coprecipitated MBP-Norrin and Fz4-FcH6 
were detected by tag-specific antibodies. 



Input 



Fz4CRD-FcH6 
MBP-Norrin 
Fz4CRD-T4L-v5H6 
T4L-V5H6 



Fz4CRD-FcH6 
Norrin 
Fz4CRD-T4L-v5H6 
T4L-V5H6 



anti-Fc 
anti-Norrin 



porter, and cotransfection with Fz4 plus Lrp5/Lrp6 further 
increased reporter activity (Supplemental Fig. 4A). Pre- 
vious work showed that the C95A mutant of Norrin still 
forms disulfide bond-linked dimers ( Perez- Vilar and Hill 
1997). Consistently, single mutation of one of the three in- 
termolecular disulfide bond-forming cysteines resulted in 
modest reduction of TCF reporter activity in the presence 
or absence of Lrp5/6 (Supplemental Fig. 4B,C). In contrast, 
mutation of all three cysteines nearly abolished the re- 
porter activity in the absence of Lrp5/6 and reduced more 
than half of the reporter activity in the presence of Lrp5/6 
(Supplemental Fig. 4B,C). Together, these data support the 
importance of the intermolecular disulfide bonds for dimer 
formation and Norrin activation of Fz4. We also mutated 
F89 and 1123, the two key residues that form hydrophobic 
interactions at the dimeric interface (Fig. 2E), to the hy- 
drophilic residues arginine and asparagine, respectively. 
The F89R mutant reduced the TCF reporter activity to 
nearly the same degree as the triple- cysteine mutant; the 
effect of the I123N mutation (a Norrie disease mutation) 
was slightly less severe (Supplemental Fig. 4B,C). These 
data further support the important role of the hydrophobic 
interface for the integrity of Norrin structure and function. 



Fz4 receptors form stable dimers in the absence 
of Norrin 

Based on the Norrin dimeric structure, we initially favored 
a model of Norrin activation of Fz4 through ligand-induced 
Fz4 receptor dimerization. To determine whether one 
Norrin dimer can bind two Fz4 CRDs, we incubated 
MBP-Norrin with two Fz4 CRD proteins, each tagged with 
either a T4 lysozyme and v5H6 fusion tag (T4L-v5H6) or a 
FcH6 tag. Fz4 CRD-FcH6 coimmunoprecipitated with Fz4 
CRD-T4Lv5H6 in the presence, but not the absence, of 
MBP-Norrin, demonstrating that each Norrin dimer indeed 
binds to two Fz4 CRDs (Fig. 2F). We next used biolumi- 
nescence resonance energy transfer (BRET) (Harikumar 
et al. 2007) to examine the effect of Norrin on Fz4 full- 
length receptor dimerization using Fz4 receptors tagged 
with yellow fluorescent protein (YFP) or Renilla luciferase 
(Rlu). As controls, we observed Fz4 surface expression 
when cells were transfected with either YFP- or Rlu- 
tagged Fz4 (Supplemental Fig. 5A). To our surprise, full- 
length Fz4 receptors strongly interacted with each other in 
the absence of Norrin, producing a BRET signal as strong as 
that of the positive control, a covalent Rlu-YFP fusion 
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protein (Fig. 3A). To further distinguish genuine receptor 
interaction from random collision, we performed satu- 
ration BRET (Harikumar et al. 2007). Coexpression of a 
constant amount of Fz4-Rlu with increasing amounts of 
Fz4-YFP generated a hyperbolic, plateau-reaching signal, 
indicative of a true interaction, whereas titrating Fz4-Rlu 
with CCK2R-YFP, an unrelated seven-transmembrane 
(TM) receptor, generated a nonsaturating, quasilinear 
signal, indicative of random collisions (Fig. 3B). These data 
suggest that the Fz4 receptor exists as a dimer in the 
absence of exogenous ligands. Interestingly, the human 
protein smoothened, a remote homolog of Fz4, also homo- 
dimerizes through its TM domain (Wang et al. 2013). 

We then examined the effect of recombinant MBP- 
Norrin on Fz4 dimerization and found that Norrin did not 
further increase the Fz4 BRET signal; on the contrary, it 
slightly but reproducibly reduced the signal (Fig. 3C). 
Cotransfection of Norrin with YFP- and Rlu-tagged Fz4 



expression constructs resulted in a similar small signal 
decrease (Fig. 3C). We did not observe this effect for Norrin 
R41E, which does not bind to Fz4 (Smallwood et al. 2007), 
indicating that the BRET decrease depends on Norrin-Fz4 
binding (Fig. 3C). Since BRET signals are exquisitely sen- 
sitive to small changes in donor-receptor distance and 
relative donor and acceptor orientations, the signal re- 
duction in the presence of Norrin could indicate that 
Norrin induces a slight increase in the distance between 
the Fz4 receptor monomers or a conformational change of 
Fz4 receptors but not dissociation of the Fz4 dimer. In 
control experiments, Norrin did not change either the 
total expression or the surface expression of Fz4 (Supple- 
mental Fig. 5B,C). Together, these data suggest that Fz4 
exists as dimers in the absence of Norrin and that Norrin 
binding does not increase or disrupt Fz4 dimer formation. 

To examine whether Fz4 exists as higher-order oligo- 
mers in the presence or absence of Norrin, we used a split- 
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Figure 3. Fz4 receptors dimerize in the ab- 
sence of Norrin ligand. Shown are the static 
BRET signals (A) and saturation BRET signals 
[B] in COS-1 cells expressing both Rlu- and 
YFP-tagged Fz4 receptors. For A, coexpression 
of soluble Rlu, soluble YFP, or a structurally 
unrelated type 2 cholecystokinin receptor 
(CCK2R) was used as negative controls, and 
the soluble Rlu-YFP was used as a positive 
control. The shaded area represents the back- 
ground signal. (C) The effect of the Norrin 
ligand on the Fz4 BRET signal by coexpres- 
sion of wild-type and R41E Norrin constructs 
and vector control or treatment with MBP- 
Norrin protein. Plots represent mean ± SEM 
of data from six independent experiments 
performed in triplicate. (**) P < 0.01; (#) P < 
0.05. (D) Bimolecular complementation ex- 
periment showing that Fz4 fused to the non- 
fluorescent complementary halves of YFP 
and Fz4-YFP-N and Fz4-YFP-C dimerize and 
establish a strong YFP fluorescent signal on 
the cell membrane (arrowheads). Bar, 25 |xM. 
The emission spectrum and anisotropy of this 
signal were appropriate. (£) Norrin did not 
induce higher oligomerization of Fz4 recep- 
tors detected by three-component BRET as- 
say. The absence of significant BRET from the 
Rlu-tagged Fz4 coexpressed with Fz4 tagged 
with YFP-N and YFP-C in the absence or 
presence of Norrin coexpression. The shaded 
area represents the background signal as de- 
termined using Rlu-tagged Fz4 with CCK2R- 
YFP. A significant static BRET signal between 
Rlu- and YFP-tagged Fz4 constructs was used 
as a positive control. (F) The saturation BRET 
signals for these complexes, establishing the 
significance of the signal from the Fz4-Rlu/ 
Fz4-YFP pair and the lack of significance of 
the signal from coexpression of the Rlu- 
tagged Fz4 along with Fz4 tagged with YFP-N 
and YFP-C. Plots represent mean ± SEM of 
data from four independent experiments per- 
formed in triplicate. (**) P < 0.01. 
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YFP BRET assay (Harikumar et al. 2008a) that contained 
three components: one Fz4 receptor tagged with Rlu (Fz4- 
Rlu), one Fz4 receptor tagged with an N-terminal frag- 
ment of YFP (Fz4-YFP-N), and one Fz4 receptor tagged 
with a C-terminal fragment of YFP (Fz4-YFP-C). Neither 
of the two YFP fragments fluoresces on their own, but the 
two fragments form a functional YFP when brought into 
close proximity. As controls, we observed Fz4 surface 
expression when cells were transfected with either YFP- 
N-tagged or YFP-C-tagged Fz4 (Supplemental Fig. 5 A) and 
observed YFP fluorescence when cells were transfected 
with both YFP-N-tagged and YFP-C-tagged Fz4 (Fig. 3D; 
Supplemental Fig. 5D), confirming the BRET results for 
constitutive Fz4 dimer formation. However, regardless of 
the presence or absence of Norrin, the three-component 
BRET assay showed no BRET signal above background 
(Fig. 3E). Similarly, Fz4-Rlu, Fz4-YFP-N, and Fz4-YFP-C 
did not produce a clear BRET signal in the saturation BRET 
assay (Fig. 3F). Together, our data suggest that (1) Fz4 exists 
as constitutive dimers regardless of the presence of Norrin, 
which is consistent with a previous report (Kaykas et al. 
2004); (2) Fz4 dimerization itself is not sufficient for 
receptor activation,- and (3) Norrin does not activate the 
Fz4 receptor by inducing Fz4 dimerization. Based on our 
three-component BRET experiments, Fz4 likely does not 
form higher-order oligomers. However, we cannot exclude 
the possibility that Fz4 can form transient oligomers or 
oligomers having special geometry that cannot be detected 
by the BRET assay. 

Norrin binds to (3 -propeller 1 (BP1) and BP2 of Lrp6 

From genetic studies, Lrp5 is known to be functionally 
involved in the Norrin/Fz4 signaling complex (Gong et al. 
2001), yet previous work has failed to identify a direct in- 
teraction between Lrp5/Lrp6 and Norrin fused to alkaline 
phosphatase (Xu et al. 2004). Thus, how Lrp5 is involved 
in Norrin/Fz4-mediated (3-catenin signaling remains un- 
clear. We used purified proteins to examine direct inter- 
actions between the MBP-Norrin and the Lrp6 ECD using 
the highly sensitive AlphaScreen assay. The Lrp6 ECD 
contains four (3 -propeller domains (BP 1-4). Biotinylated 
MBP-Norrin interacted with Lrp6 (3 -propeller domains 
1-4 (BP1-4) and BP1-2 but not BP3-4 (Fig. 4A, lanes 5,9). 
The interaction between biotinylated MBP-Norrin and 
Lrp6 BP 1-2 can be competed with excess unlabeled MBP- 
Norrin, but not with MBP, with an IC 50 of -570 nM and 
Ka of —450 nM using a homologous competition assay 
(Fig.4B,C). 

Because adding Fz4 CRD protein did not interfere with 
the interaction between MBP-Norrin and Lrp6 BP 1-2 (Fig. 
4A, lane 9 vs. 10) and Lrp6 BP3-4 did not inhibit the 
interaction between MBP-Norrin and Fz4-FcH6 (Fig. 4 A, 
lane 16 vs. 17), we conclude that Lrp6 BP1-2 and Fz4 CRD 
bind to different regions of Norrin. 

The peptide motif Asn-Ala-Ile-Lys within DKK1 and 
several other Wnt inhibitors specifically binds to the Lrp6 
BP1 domain (Bourhis et al. 201 1 ). We confirmed the inter- 
action between biotinylated DKK1 peptide and His8- 
tagged Lrp6 BP1-2 by AlphaScreen assay (Supplemental 
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Figure 4. Norrin specifically interacts with Lrp6 BP1-2. 
(A) AlphaScreen interactions between 30 nM purified biotin- 
MBP-Norrin and 30 nM indicated proteins. [B) The binding affinity 
for the interaction between MBP-Norrin and Lrp6 BP 12 was de- 
termined by a homologous AlphaScreen competition assay using 
12 nM Lrp6 BP12 and 120 nM biotinylated MBP-Norrin. The left 
two bars are negative controls with only single proteins. The last 
bar shows the signal of the reaction with MBP as a negative 
competitor control. (C) The competition data were normalized, 
and the IC 50 was determined as 566 nM by nonlinear regression 
using GraphPad Prism, which corresponds to a Ka of —450 nM by 
Cheng and Prussoff conversion (Cheng and Prusoff 1973). 

Fig. 6 A, lane 3) and found that MBP-Norrin competed this 
interaction with an IC 50 of 72 nM (Supplemental Fig. 6 A; 
Supplemental Table 1). This suggests that MBP-Norrin 
binds to a site on Lrp6 BP1 that overlaps with the binding 
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site of Wnt inhibitors. To test whether Norrin can also 
bind to BP2, we purified BP2 as an Fc fusion protein and 
measured its binding to MBP-Norrin by biolayer interfer- 
ometry. Protein A sensors specifically bind to the Fc re- 
gion of human IgG. Lrp6 BP2-FcH6 bound to a protein A 
sensor interacted with MBP-Norrin with moderate affin- 
ity, whereas a human IgG-bound protein A sensor failed 
to interact (Supplemental Fig. 6B). The binding between 
biotinylated MBP-Norrin and BP2-FcH6 was also con- 
firmed by AlphaScreen assay (Supplemental Fig. 6C). 
Although we were unable to purify isolated BP 1 as a stable 
protein, the BP2 binding data and the Norrin competition 
of DKK1 peptide binding to BP1 suggest that the Norrin 
dimer is capable of binding to both the BP1 and BP2 
domains of Lrp6. 

Norrin contains separate binding sites for Lrp6 BP1-2 
and the Fz4 CRD 

If Norrin has separate binding sites for Lrp5/6 and Fz4, 
then two classes of Norrin mutations should exist that 
selectively disrupt those interactions. Indeed, two classes 
of Norrin mutations have been identified by systematic 
mutagenesis of Norrin (Smallwood et al. 2007). One class 
of mutations, including R41E, H43A/Y44A/V45A, M59A/ 
L60A/L61A, and Y120A/R121A/Y122A, disrupted Norrin 
binding to the Fz4 CRD and strongly reduced the ability 
of Norrin to activate the TCF reporter. Mapping these 
mutations onto the Norrin structure identified a continu- 
ous surface area consisting of the R41, H43, V45, L61, 
Y120, and Y122 residues (Fig. 5A). This surface is exposed 
and is not at the dimer interface and therefore is likely the 
major binding site for Fz4. The other class of mutations, 
including L52A/Y53A/K54A, K54E, R107E, R109E, and 
Rl 15E, did not affect Fz4 binding yet reduced the ability of 
Norrin to activate the TCF reporter. These residues are 
clustered on the edge of the Norrin molecule in the (31 -(32 
and p3-(B4 loop regions that are linked through the C55- 
C110 disulfide bond (Fig. 5A). Interestingly, the C55A/ 
C110A mutation, which did not affect Fz4 binding, also 
reduced the ability of Norrin to activate the TCF reporter 
(Smallwood et al. 2007). We hypothesize that these resi- 
dues reduce Norrin signaling activity by reducing or dis- 
rupting Norrin binding to Lrp6. 

To test our hypotheses, we engineered a number of 
Norrin mutations and tested their abilities to activate the 
TCF reporter in the presence of Fz4 and Lrp6. Mutations 
that interfered with Fz4 binding (R41E, H43A/V45A, 
L61A, and Y120A/Y122A) or putative Lrp5/6 binding 
(K54E, R107E, R109E, K54E/R109E, and C55A/C110A) 
reduced Norrin 's signaling activity (Fig. 5B). We then 
purified three Norrin mutant proteins (R41E, K54E/ 
R109E, and C55A/C110A) to test their binding to Fz4 and 
Lrp6, respectively. The unlabeled wild-type MBP-Norrin as 
well as the C55A/C1 10A and K54E/R109E mutant proteins 
all efficiently competed the Fz4-binding signal with IC 50 
values of 34 nM, 37 nM, and 18 nM, respectively (Supple- 
mental Table 1 ). In contrast, the R41E mutant was unable to 
compete the Fz4-binding signal, indicating that it is severely 
compromised in Fz4 binding (Fig. 5C). 



We then tested the ability of these three mutant pro- 
teins to bind Lrp6 BP 1-2 by quantitating their competi- 
tion for the interaction between His8 -tagged Lrp6 BP 1-2 
and the biotin-DKKl peptide. Wild-type MBP-Norrin 
competed the interaction with an IC 5 o of 72 nM, while 
the C55A/C110A and R41E mutants competed with an 
IC 50 of 207 nM and 288 nM, respectively (Supplemental 
Table 1 ), indicating that both mutants are partially com- 
promised in binding to Lrp6 BP 1-2. In contrast, the K54E/ 
R109E double mutant was not able to compete the binding 
between the DKK1 peptide and Lrp6 BP 1-2, indicating its 
inability to bind to Lrp6 (Fig. 5D). Together, these data 
support our hypothesis that Norrin contains two separate 
binding sites: One site, in part comprised of residue R41, is 
for binding of Fz4 ; the other site, comprised of residues 
K54, C55, R109, and CI 10, is for the binding of Lrp6. When 
mapped on the structure, these two binding sites appear to 
be adjacent but not overlapping (Fig. 5A). 

Norrin, Lrp6 BP 1-2, and the Fz4 CRD form a ternary 
complex 

The two binding sites on Norrin for Lrp6 and Fz4 suggest 
that they may form a ternary complex. To test complex 
formation, we expressed Fz4-FcH6, MBP-Norrin, and 
Lrp5NT (which contains the ECD and TM domain of 
Lrp5 fused to a v5H6 tandem tag). When Lrp5NT protein 
was immunoprecipitated with v5 antibody, Fz4-FcH6 
coimmunoprecipitated in the presence, but not the ab- 
sence, of MBP-Norrin (Fig. 6A), supporting formation of a 
ternary Lrp5-Norrin-Fz4 complex in which MBP-Norrin 
interacts with both the Lrp5 ECD and the Fz4 CRD. We 
confirmed these results with a three-hybrid biolayer in- 
terferometry assay. When Fz4-FcH6-bound biosensors 
were incubated first with MBP-Norrin and then with 
Lrp6 BP1-2, Lrp6 BP1-2 was able to further bind to MBP- 
Norrin prebound to Fz4-FcH6 (Supplemental Fig. 7A). 
Fz4-bound MBP-Norrin also interacted weakly with Lpr6 
BP1-4 but not BP3-4. As controls, the Fz4 CRD did not 
significantly interact with any of the Lrp6 ECD fragments 
(Supplemental Fig. 7B), while MBP-Norrin could interact 
with both the Fz4 CRD (Fig. 1C,D) and the Lrp6 ECD (Fig. 
4A). These data indicate that Norrin can bind simulta- 
neously to the Fz4 CRD and Lrp6 BP 1-2 to induce the 
formation of a ternary complex. 

The roles of Lrp5/6 and Tspanl2 in Norrin-mediated 
fi-catenin signaling 

To examine the functional importance of Lrp5 for Norrin 
signaling, we tested whether Lrp5-NT, which lacks the 
intracellular domain (Fig. 6B), could interfere with Norrin- 
mediated signaling. Previous studies showed that Lrp5-NT 
acts as a dominant-negative inhibitor of the Wnt/p-catenin 
signaling pathway (Tamai et al. 2000) presumably because 
Lrp5-NT is insufficient for signaling but competes with 
endogenous Lrp5/6 for Wnt ligand binding. As positive 
controls, Norrin activated the TCF reporter in 293STF 
cells transfected with Fz4, and cotransfection with Lrp5 
further enhanced the reporter activity (Fig. 6B). Due to 
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Figure 5. Norrin contains separate binding sites for Fz4 and Lrp5/6. (A) A ribbon diagram of the Norrin dimer with the putative 
residues involved in binding to Fz4 (blue) or Lrp5/6 (orange) shown as stick models. (B) The effect of mutations of the above surface 
residues on Norrin function. 293 STF cells were transfected with Fz4+Lrp6 in the presence or absence of Norrin wild type (WT) or 
mutants (n = 3; error bars indicate SD). (C) AlphaScreen competition assay using MBP-Norrin wild-type or mutant proteins to compete 
the interaction between biotin-MBP-Norrin and Fz4-FcH6 protein. [D] AlphaScreen competition assay using MBP-Norrin wild- type or 
mutant proteins to compete the interaction between biotinylated DKK1 peptide and H8-Lrp6 BP1-2 protein. IC 5 o values were derived 
from curve fitting and are shown in Supplemental Table 1. 



ubiquitous expression of endogenous Lrp5 and Lrp6, these 
cotransfection experiments cannot distinguish between 
either a stimulatory or an essential function of Lrp5 in 
Norrin/Fz4-mediated signaling. However, the complete 
loss of responsiveness to Norrin in cells expressing Fz4, 



endogenous Lrp5/6, and high levels of Lrp5-NT (Fig. 6B) 
suggests that the Lrp5-N domain competes for a func- 
tionally critical interaction between Norrin and endog- 
enous Lrp5/6 and that Lrp5/6 is essential for Norrin - 
mediated Wnt/p-catenin signaling. 
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Figure 6. Norrin interacts with Fz4 and Lrp5 to 
activate downstream (3-catenin signaling, and 
Tspanl2 enhances Norrin/Fz4/Lrp5 signaling by 
interacting with Fz4. (A) Norrin forms a ternary 
complex with the Fz4 CRD and the Lrp5 ECD. 
Lrp5NT-v5H6 and T4L-v5H6 (negative control) 
were immunoprecipitated with v5-agarose beads. 
Coimmunoprecipitated MBP-Norrin and Fz4-FcH6 
were detected by tag-specific antibodies. [B, left) A 
diagram of full-length Lrp5 and the Lrp5 C-terminal 
truncation (Lrp5NT). [Right) Lrp5-NT inhibits 
Norrin-mediated TCF luciferase reporter activity 
in a dominant-negative manner. 293 STF cells were 
transfected with Fz4, Fz4+Lrp5, or Fz4+Lrp5-NT in 
the presence or absence of Norrin expression vec- 
tor. Luciferase activity was measured as described 
[n = 3; error bars indicate SD). (C) Tspanl2 increased 
Norrin/Fz4/Lrp5-mediated (3-catenin signaling. 
293 STF cells were transfected with Fz4+Lrp5 or 
Fz4+Lrp5+Tspanl2 in the presence or absence of 
Norrin expression vector. Luciferase activity was 
measured as described, [n = 3; error bars indicate 
SD). (D) Tspanl2 strongly interacts with Fz4 re- 
ceptor on the cell membrane. Shown are the static 
BRET signals in COS-1 cells expressing Rlu-tagged 
or YFP-tagged Tspanl2 and YFP-tagged, YFP-N- 
tagged, and YFP-C-tagged Fz4 receptors. The shaded 
area represents the background signal as determined 
by coexpression of the Rlu-tagged Tspanl2 with 
soluble YFP. Plots represent mean ± SEM of data 
from three independent experiments performed in 
triplicate. (**) P < 0.01. 



Tspanl2 is an additional factor that is specifically in- 
volved in Norrin/Fz4/Lrp5 signaling (Junge et al. 2009). 
Using cell-based assays, we confirmed that cotransfection 
with Tspanl2 further increased Norrin/Fz4/Lrp5 -mediated 
TCF reporter activity (Fig. 6C). Using the BRET assay, we 
observed very strong BRET signals from Tspanl2-Rlu- 
Tspanl2-YFP and Tspanl2-Rlu-Fz4-YFP pairs (Fig. 6D), 
indicating that Tspanl2 can both homodimerize and 
heterodimerize with Fz4. Interestingly, we observed that 
Tspanl2-Rlu can form a ternary complex with Fz4-YFP-N 
and Fz4-YFP-C in a split-YFP BRET assay (Fig. 6D). This 
suggests that Tspanl2 and Fz4 interactions do not disrupt 
the Fz4-Fz4 dimer interactions. Our experiments are con- 
sistent with previous experiments showing that Tspanl2 
interacts specifically with Fz4 to facilitate Norrin- 
mediated (B-catenin signaling (Junge et al. 2009). 

Discussion 

The expression and purification of Norrin has been 
a major obstacle that has hampered its structural studies. 
In this report, we overcame this obstacle by developing a 
new method for expression and purification of Norrin, 
which eventually led us to solve its crystal structure. 
Norrin has a novel dimeric structure, and we were able 
to map two separate sites on the surface of Norrin, one 



for binding to Fz4 receptor and one for binding to Lrp5/6 
coreceptor, which helped us establish a model of an acti- 
vation complex consisting of Norrin, Fz4, Lrp5/6, and 
Tspanl2. These results provide important insights into 
molecular mechanisms of Norrin signaling and unify the 
roles of Lrp5/6 as coreceptors in both Wnt and Norrin 
signaling. 

Norrin dimeric structure 

The overall structure feature of Norrin is a homodimer 
linked through three intermolecular disulfide bonds. This 
structure is very different from the recent structure of 
Wnt8 in complex with the Fz8 CRD, which has a mono- 
meric structure with a central "palm" domain and an 
extended "thumb" and "index finger" (Janda et al. 2012). 
Importantly, Norrin lacks any lipid modification, which 
is present in all Wnt proteins and is required for their 
function (Nusse 2003; Takada et al. 2006). This suggests 
that the binding between Norrin and Fz4 receptor is not 
driven by lipid-mediated hydrophobic interactions but 
through specific protein-protein interactions. 

Norrin belongs to the cystine knot growth factor super- 
family, and dimer formation is a common theme for these 
growth factors (Sun and Davies 1995). Consistent with 
a stable dimer structure, Norrin has extensive interactions 
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at the dimer interface, including disulfide bonds, hydrogen 
bonds, and hydrophobic interactions (Fig. 2C-E). Although 
the monomeric structure of Norrin contains the con- 
served cystine knot motif, the dimeric structure of Norrin 
is different from that of other cystine knot proteins. For 
instance, NGF forms a dimer in a head-to-head orien- 
tation, whereas TGF-(33 and PDGF-BB form a dimer in 
a head-to-tail orientation. NGF, TGF-(33, and PDGF-BB 
all form homodimers through zero, one, and two intermo- 
lecular disulfide bonds, respectively. In contrast, Norrin 
forms a homodimer in a head-to-tail fashion with a unique 
semicircular shape linked by three intermolecular disulfide 
bonds (Supplemental Fig. 3B). The importance of the Norrin 
dimer is supported by the functional consequences of 
mutations that disrupt the three disulfide bonds or the 
hydrophobic interactions at the dimer interface (Supple- 
mental Fig. 4B,C). 

Mapping Fz4- and Lrp5/6-binding sites on the Norrin 
dimeric structure 

By mapping previous Norrin mutations (Smallwood et al. 
2007) onto the current Norrin structure, we identified an 
exposed surface region, including amino acids R41, H43, 
V45, L61, Y120, and Y122, as the Fz4-binding site (Fig. 5A). 
Mutations in these residues significantly reduced Fz4 
binding and Norrin signaling activity (Fig. 5B,C). As shown 
by sequence alignment (Supplemental Fig. 8 A), all of these 
residues are conserved across species. The fact that a 
Norrin dimer contains two symmetric Fz4-binding sites 
suggests that the dimer can bind to two Fz4 CRDs, which 
was confirmed by immunoprecipitation (Fig. 2F). Two 
FEVR mutations were identified in the Fz4 CRD (M157V 
and M105V), which indicates that the base of the Fz4 CRD, 
including these two residues, is the surface for Norrin 
interaction (Xu et al. 2004). 

In addition, we identified the Lrp 5/6 -binding site on the 
edge of Norrin, which comprises several positively 
charged residues (K54, R107, R109, and R115) and two 
hydrophobic residues (L52 and Y53) (Fig. 5 A) and 
specifically binds to the BP 1-2 domain (Fig. 5D). Mu- 
tation of these residues reduced signaling activity but 
did not affect Fz4 binding (Fig. 5C ; Smallwood et al. 
2007). The sequence alignment showed that all of the 
positively charged residues are completely conserved 
and that the hydrophobic residues L52 and Y53 are 
largely conserved (Supplemental Fig. 8A). The top 
concave surfaces of Lrp6 BP1 and BP2 contain a hydro- 
phobic patch surrounded by negatively charged resi- 
dues (Cheng et al. 2011). The hydrophobic and posi- 
tively charged residues of Norrin may thus interact 
with the hydrophobic patch and the negatively charged 
residues on the top surface of BP1 or BP2. 

Assembly and activation of a Norrin-Fz4-Lrp5/6- 
Tspanl2 signaling complex 

Our BRET and split-YFP data showed that Fz4 pre-exists 
as dimers on the cell membrane (Fig. 3A,D). Because 
Norrin also forms stable dimers, Norrin binds Fz4 with 
a 2:2 stoichiometry. We showed that Norrin binds to Lrp6 



BP 1-2 in addition to its binding to Fz4 (Fig. 4A). Previous 
work failed to detect an interaction between Norrin and 
Lrp5/6, which was likely due to the weak binding of 
Norrin to Lrp5/6 BP 1-2 (affinity >40-fold lower than 
Norrin-Fz4 interactions). The Norrin homodimer with 
two symmetric edges can bind to one BP 1-2 or two BP 1-2 
molecules (Fig. 7). Because a Norrin dimer can bind to 
both BP1 and BP2 domains of Lrp6 (Supplemental Fig. 6), 
we favor a model in which one Norrin dimer binds to one 
Lrp5/6 monomer, with each Norrin monomer binding to 
one BP domain of Lrp5/6 (Fig. 7). Synergistic binding of 
Norrin to both the BP1 and BP2 domains would further 
stabilize Norrin dimerization, consistent with the abil- 
ity of Lrp5 and Lrp6 to partially rescue dimerization- 
compromised Norrin mutants (Supplemental Fig. 4B,C), 
although we cannot exclude the possibility that one 
Norrin dimer can interact with two Lrp5/6 coreceptors. 

Importantly, we found that a functional Lrp5/6 core- 
ceptor is required for Norrin/Fz4 signaling (Fig. 6B) and 
that Norrin forms a ternary complex with both the Fz4 
CRD and the Lrp6 ECD in vitro (Fig. 6A ; Supplemental 
Fig. 7A). This suggests that the signaling mechanism for 
Norrin is likely very similar to that of canonical Wnts by 
inducing heterodimerization of Fz4 with Lrp5/6 (Cong 
et al. 2004). Furthermore, Fz4 activation by Norrin is 
enhanced by Tspanl2, which specifically interacts with 
Fz4 (Fig. 6D) but not other Fz proteins such as Fz5 (Junge 
et al. 2009). We speculate that Tspanl2 is a molecular 
chaperone that stabilizes Fz4 protein to facilitate Nor- 
rin interaction and signaling. Tspanl2, by forming 




Figure 7. A model for Norrin-mediated Fz4 receptor activation. 
In the absence of Norrin, both Fz4 and Tspanl2 form homo- 
dimers or oligomers. The interaction of Fz4 with Tspanl2 brings 
Fz4 into tetraspanin-enriched microdomains on the cell mem- 
brane. A Norrin dimer binds to an Fz4 dimer with high affinity. 
Simultaneously, Norrin also binds to Lrp5/6 BP1 and BP2 domains 
through its two edges (1) or, alternatively, predominantly to the 
Lrp5/6 BP1 domain (2). In the first binding mode, Norrin binds 
to one Lrp5/6 molecule, whereas in the second binding mode, 
Norrin can bind up to two Lrp5/6 molecules. The interaction of 
Norrin with Fz4 and Lrp5/6 brings their C-terminal tails closer for 
interaction and activation of the downstream (3-catenin signal- 
ing pathway. 
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heterodimers with Fz4, may compartmentalize Fz4 into 
tetraspanin-enriched micro domains on the cell membrane 
(Bailey et al. 2011) to facilitate Norrin/Fz4-mediated 
P-catenin signaling. 

Structural basis of Norrie disease mutations 

In spite of its small size, >100 disease-causing Norrin 
mutations have been identified in human patients (Ye 
et al. 2010). The Norrin structure provided us with an 
opportunity to examine the molecular basis of disease- 
causing missense mutations (Supplemental Table 2; Sup- 
plemental Fig. 3C). Based on the structure, the majority of 
these mutations can be categorized into five different 
groups: cysteine residue mutations, dimer interface muta- 
tions, hydrophobic core mutations, Fz4-binding site mu- 
tations, and Lrp5/6 -binding site mutations (Supplemental 
Table 2). The Norrin structure readily explains these 
disease-causing mutations, as they would compromise 
protein functions by affecting protein folding and stabil- 
ity, dimerization, or functional interaction with Fz4 and 
Lrp5/6. The large number of disease-causing mutations 
in Norrin suggests that this protein is very sensitive to 
perturbations, which is consistent with the multiple func- 
tions (protein folding, dimerization, and receptor and co- 
receptor binding) that it mediates. 

The Norrin structure may serve as a model for mucins 
and von Willebrand factor 

In a new sequence homology search, we found that Norrin 
is most closely related to the C-terminal domains of 
mucins and von Willebrand factor, two extracellular 
proteins with multiple domain structures. While only 
seven of the 11 cysteines in Norrin are conserved in 
TGF-p, all 1 1 cysteines are conserved in mucins and von 
Willebrand factor (Supplemental Fig. 8B). The structure 
of Norrin may therefore also represent that of mucins 
and von Willebrand factor C-terminal domains. In par- 
ticular, the C55-C110 disulfide bond is conserved in 
Norrin, mucins, and von Willebrand factor (Supplemen- 
tal Fig. 8B, blue stars), whereas TGF-p proteins have 
a unique disulfide bond that is not found in those three 
proteins (Supplemental Fig. 8B, green stars). Moreover, the 
three-disulfide bond-linked dimer is a conserved feature 
of these proteins (Supplemental Fig. 8B, red stars), and 
mutational studies of pig submaxillary mucin also identi- 
fied three cysteines that may be involved in forming the 
intermolecular disulfide bonds of the mucin dimer ( Perez - 
Vilar and Hill 1998). Both mucins and von Willebrand 
factor can modulate Wnt signaling through interaction 
with other proteins (Rey and Ellies 2010). These domains 
in mucins and von Willebrand factor could function as 
dimerization and signaling domains, for which receptors 
remain to be identified. 

In summary, we determined the crystal structure of 
Norrin, which revealed a stable dimer with three 
intermolecular disulfide bonds. Structure-based map- 
ping revealed separate sites on the Norrin surface for 
binding of Fz4 and Lrp5/6, and Norrin forms a ternary 
complex with the Fz4 CRD and the Lrp6 ECD in vitro. 



We propose that dimeric Norrin activates Fz4 by 
inducing heterodimerization of Fz4 with Lrp5/6 and 
that it may also induce conformational changes 
in the Fz4-Lrp5 signaling complex. These results pro- 
vide important mechanistic insights into the assembly 
and activation of the Norrin-Fz4-Lrp5/6-Tspanl2 sig- 
naling complex and unify the roles of Lrp5/6 as 
the common coreceptors for both Wnt and Norrin 
signaling. 

Materials and methods 

DNA plasmids 

The TKRlu plasmid with the Rlu gene under the control of the 
thymidine kinase promoter was used as a transfection control 
(Promega). Human full-length Lrp5 and Lrp6 plasmids have been 
described (Holmen et al. 2005). The Lrp5-NT truncation con- 
struct was created by cloning the Lrp5 ECD, the TM domain, and 
eight residues following the TM domain (residues 1-1416) into 
the pcDNA6 vector with a v5 and a His6 tag at the C terminus. 
The Lrp6 BP1 (residues 20-325) and BP2 (residues 325-631) 
fragments were cloned into a pcDNA6 vector that had been 
previously cloned with a murine IgK leader sequence (pcDNA6- 
IgL) plus Fc and His6 tags to create Lrp6BPl-FcH6 and Lrp6BP2- 
FcH6 expression constructs. Human Norrin, Fz4, and Fz8 
plasmids were from Open Biosy stems. Xenopus Fz8 was from 
Addgene. The pHL-FcH6 vector from E. Yvonne Jones was cloned 
with a murine IgK leader sequence to create the pHL-IgL-FcH6 
vector, which allows target protein secretion into medium 
supernatant. The CRD regions of Fz4 (residues 40-164) or Fz8 
(residues 28-155) were cloned into the pHL-IgL-FcH6 vector to 
create the Fz4-FcH6 and Fz8-FcH6 fusion constructs. To purify 
the Fz4 CRD, a thrombin site was engineered between the Fz4 
CRD and the Fc tag. The Fz4 CRD was also cloned in fusion with 
T4 lysozyme (residues 2-161, with C54T and C97A mutations) 
and included a v5 and His6 tandem tag at the C terminus (Fz4- 
T4L-v5H6). T4 lysozyme with the same tandem tag was used as 
a negative control (T4L-v5H6). Both cDNAs were cloned into the 
pcDNA6-IgL vector. The full-length human Fz4 cDNA was first 
cloned into the pcDNA3.1 expression vector (Invitrogen). The 
v5, YFP, or Rlu cDNAs were subsequently cloned at the protein 
C terminus of Fz4 to create an in-frame fusion protein for v5-, 
Rlu-, and YFP-tagged Fz4 receptor constructs. The YFP-N-tagged 
(residues 1-158) and YFP-C-tagged (residues 159-239) Fz4 con- 
structs were made by cloning YFP-N or YFP-C fragments at the 
protein C terminus of Fz4. Human Norrin (residues 25-133) in 
fusion with MBP at its N terminus was cloned into the first 
cloning site of the pETDuetl vector (Novagen), which also 
included a Dsbc cDNA at the second cloning site. For in vivo 
biotinylation of MBP-Norrin, a DNA oligonucleotide duplex 
encoding a biotinylation peptide ( AviTag) was inserted in-frame 
at the 5 ' end of the MBP-Norrin cDNA. In addition, the biotin 
ligase (BiiA) gene with a T7 promoter was cloned downstream 
from MBP-Norrin cDNA. Coexpression of MBP-Norrin and 
BirA in the presence of biotin allowed in vivo biotinylation of 
MBP-Norrin (Smith et al. 1998). The MBP-Norrin cDNA was 
also cloned into pcDNA6-IgL vector. Norrin was cloned into the 
pHL-IgL vector for mammalian expression. All Norrin mutations 
were generated by PCR. Human Tspanl2 (DNASU Plasmid Re- 
pository) was cloned into pCDNA3.1 expression vector (Invitro- 
gen). The YFP or Rlu cDNAs were cloned at the C terminus of 
Tspanl2 to create an in-frame fusion for Rlu- and YFP-tagged 
Tspanl2 constructs. All DNA constructs were verified by auto- 
mated DNA sequencing. 
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Protein expression and purification 

Norrin was expressed as a fusion protein with MBP at its N 
terminus in the E. coli strain Origami B (DE3) (Novagen) as 
previously described (Pioszak and Xu 2008). The purification 
protocol was as previously described, with the following mod- 
ifications: First, the fusion protein did not contain a His6 tag 
and was purified by amylose affinity chromatography via the 
MBP tag. Then MBP-Norrin protein was refolded in a solution 
of 1 M L-arginine, 20 mM Tris (pH 8.5), 0.5 M NaCl, 1 mM GSH, 
1 mM GSSG, and 1 mM EDTA. The active dimeric protein was 
further purified on a Heparin column (GE Healthcare) followed 
by a Superdex 120 gel filtration column (GE Healthcare). Pro- 
tein concentrations were determined by the Bradford method 
(Bradford 1976). The MBP-tagged Norrin mutant proteins were 
purified with a protocol similar to that used for the wild type. 
The expression and purification of Lrp6 BP fragments have been 
described (Cheng et al. 2011). The Lrp6BPl-FcH6, Lrp6BP2- 
FcH6, Fz4-Fc, Fz8-Fc, Fz4-T4L-v5H6, and T4L-v5H6 proteins 
were expressed by transient transfection of HEK293 cells with 
the corresponding DNA using Lipofectamine 2000 (Invitrogen). 
The medium supernatants were collected after 4 d. To purify pro- 
teins from medium supernatant, samples were dialyzed against 
TBS buffer (20 mM Tris at pH 8.0, 0. 15 M NaCl, 5% glycerol) before 
loading onto a nickel chelating column (GE Healthcare). To purify 
the Fz4 CRD, purified Fz4-th-FcH6 protein was digested with 
thrombin (1:500) overnight at room temperature, and the FcH6 
tag was separated from the Fz4 CRD by a nickel chelating column. 

Crystallization and structure determination 

The MBP-Norrin protein in 20 mM Tris (pH 8.0), 0. 1 M NaCl, 5 % 
glycerol, 1 mM maltose, and 1 mM EDTA was concentrated to 
~5 mg/mL before we set up crystallization trials using the 
Phoenix crystallization robot. Several conditions yielded very 
good-looking crystals, but they only diffracted to ~6 A. We 
reasoned that the low resolution may be due to the flexible N 
terminus of Norrin. A truncation construct of Norrin (residues 
31-133) fused with MBP at its N terminus was created. The 
encoding protein was expressed and purified with a protocol 
similar to that used for the wild-type protein. The function for 
this truncated protein was shown by binding assays to be very 
similar to that of the wild- type protein (data not shown). After 
screening many crystals at the APS synchrotron, we obtained 
crystal diffraction data to 2.4 A from crystals grown in 15% PEG 
3350, 0.1 M sodium acetate (pH 4.6), and 0.2 M ammonium 
acetate. The crystal structure of the MBP-Norrin protein was 
determined by molecular replacement using MBP as an initial 
model. Attempts to use the structure of TGF-£3, a remote 
homolog of Norrin, as a search model failed to yield a correct 
solution. The model for Norrin was therefore built de novo with 
phases established by the MBP structure. The Coot program 
was used for model building (Emsley and Cowtan 2004). The 
electron density for Norrin was gradually improved over many 
cycles of manual model building and refinements. The final 
model of Norrin included all of the residues, and the electron 
density for most of the residues (including side chains) can be 
clearly seen except for that of a loop region (residues 1 1 1-116). 
The diffraction data and refinement statistics are listed in Table 
1 . The MBP-Norrin structure was deposited into Protein Data 
Bank (PDB) with PDB code 4MY2. 

AlphaScreen binding assay 

The AlphaScreen assay is a bead-based luminescence proximity 
assay. The binding between biotinylated MBP-Norrin and His6- 



tagged Fz4-Fc or Fz8-Fc or His8 -tagged Lrp6 ECD proteins was 
determined by the AlphaScreen assay using a hexahistidine de- 
tection kit from PerkinElmer. In this assay, biotinylated MBP- 
Norrin was attached to streptavidin-coated donor beads, and His6- 
tagged protein was attached to nickel chelate-coated acceptor 
beads. When the donor and acceptor beads were brought into 
proximity by the interaction between MBP-Norrin and His6- 
tagged protein, illuminating the sample with a laser at 680 nm 
released singlet oxygen molecules from donor beads to acceptor 
beads, which then elicited a strong emission of light at a shorter 
wavelength (520—620 nm). The binding mixtures, containing 
the indicated amounts of proteins, 10-20 |xg/mL streptavidin- 
coated "donor" beads, and nickel chelate-coated "acceptor" 
beads, were incubated in 50 mM MOPS (pH 7.4), 100 mM NaCl, 
and 0.1 mg/mL BSA for 2-5 h followed by data collection using 
an Envision plate reader (PerkinElmer). For competition assays, 
increasing concentrations of unlabeled protein were added to 
the two labeled proteins. 

Biolayer interference assays 

Binding curves were measured by biolayer interferometry using 
an Octet Red instrument (ForteBio). For the biolayer interferom- 
etry assay, a layer of molecules attached to the tip of the biosensor 
created an interference pattern at the detector. Any change in the 
number of molecules bound due to protein-protein interactions 
caused a measured shift in the interferometric profile. When this 
shift was measured over a period of time and its magnitude was 
plotted as a function of time, a classic association/dissociation 
curve was obtained. The protein A sensor (immobilized with 
protein A, a bacterial surface protein that binds the Fc region of 
the heavy chain of most antibodies) or anti-human IgG Fc capture 
sensor (immobilized with anti-human Fc-specific antibody) was 
used to bind Fz4-FcH6, Fz8-FcH6, Lrp6 BP2-FcH6, or human IgG 
proteins in kinetics buffer (PBS at pH 7.4, 0.01% BSA, 0.002% 
Tween 20) or as noted otherwise. The protein-loaded biosensors 
were incubated sequentially with kinetics buffer in the baseline 
step, the purified MBP-Norrin in solution in the association step, 
and kinetics buffer in the dissociation step to detect their binding 
to MBP-Norrin protein. 

Cell-based lucif erase assay 

293STF cells with an integrated "super-top-flash" TCF-luciferase 
reporter were maintained in DMEM (Gibco) with 5% fetal bovine 
serum (FBS). Cells were plated in a 24- well plate 24 h prior to 
transfection. Cells were transfected with the indicated plasmids 
plus 5-10 ng of the control plasmid TKRlu (constitutive expres- 
sion of Rlu) using Lipofectamine 2000 (Invitrogen). The medium 
was changed to the low-serum opti-MEM (Invitrogen) on day 2. 
For experiments involving Norrin DNA transfections, cells were 
incubated for another 24 h before harvesting. For experiments 
involving protein treatments, MBP-Norrin protein was added at 
the time of medium change, and cells were incubated with the 
indicated protein for 24 h before harvesting. The cells were lysed 
with 100-150 julL of passive lysis buffer (Promega) for 15 min at 
room temperature, and the firefly luciferase and Rlu activities 
were measured on an Envision luminometer (PerkinElmer) with 
the Dual-Luciferase assay kit (Promega). Firefly luciferase raw 
data were normalized to Rlu raw data. 

Immunoprecipitation 

To produce secreted Fz4-T4L-v5H6 or T4L-v5H6 proteins, 
HEK293 cells in a 10-cm plate were transfected with 12 |xg of 
the Fz4-T4L-v5H6 or T4L-v5H6 DNAs by Lipofectamine 2000 
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(Invitrogen), and medium supernatants were collected after 4 d of 
transfection. To produce Lrp5NT-v5H6 protein, HEK293 cells in 
a 10-cm plate were transfected with 12 |xg of Lrp5NT-v5H6 DNA 
for 2 d. After that, cells were harvested with Cell Dissociation 
solution (Sigma) and lysed in 300 julL of cell lysis buffer (Cell 
Signaling) for 30 min on ice. Cell debris was removed by cen- 
trifugation. For immunoprecipitation, 30 juuL of v5 -agarose beads 
(Sigma) was used to pull down ~2 |xg of Fz4-T4L-v5H6 or T4L- 
v5H6 from medium supernatant or Lrp5NT-v5H6 protein from 
100 julL of cell lysate. The v5 beads were then incubated with or 
without 10 |xg of MBP-Norrin and 10 |xg of Fz4FcH6 proteins for 
1 h at 4°C with mixing. The v5 beads were washed with 1 X TBST 
buffer twice and then incubated with 100 julL of 2X SDS loading 
buffer to release the bound proteins. The samples were analyzed 
by Western blot as described previously (Ke et al. 2009, 2012). 
The blot was probed first with anti-hum IgG horseradish perox- 
idase (HRP) (Santa Cruz Biotechnology) for Fc4-FcH6 protein. The 
blot was then stripped and reprobed with a goat anti-Norrin 
antibody (R&D Systems). The blot was stripped again and 
reprobed with a mouse anti-v5 antibody (Thermo Scientific). 

BRET assays for receptor oligomerization 

COS-1 cells were seeded at a density of 0.5 X 10 6 cells per dish in 
10-cm tissue culture dishes in DMEM supplemented with 5% 
FetalClone II. When the cells reached 80% confluence, they were 
transfected with 3 |xg of DNA per dish using the diethylami- 
noethyl (DEAE)-dextran method (Harikumar et al. 2007). Assays 
were performed 48-72 h later. BRET studies were performed using 
cells in suspension and a 2103 Envision plate reader (PerkinElmer) 
configured with a <700-nm dichroic mirror and dual emission 
filter sets for luminescence (460 nm ; bandwidth, 25 nm) and 
fluorescence (535 nm ; bandwidth, 25 nm). These studies used 
—25,000 cells per well in 96-well Optiplates. The studies were 
initiated by adding 5 |jlM coelenterazine h, a specific substrate 
for Rlu, after which the luminescence and fluorescence signals 
were promptly collected. Total YFP fluorescence emission was 
also acquired to determine acceptor concentration by exciting the 
samples at 485 nm and detecting the emission at 525 nm. The net 
BRET ratios were calculated based on the ratio of emission signals 
from YFP and Rlu, and corrected BRET ratios were calculated as 
described previously (Harikumar et al. 2007). Saturation BRET 
studies were performed to evaluate the specificity of the BRET 
signals as described previously (Harikumar et al. 2007). 

Fluorescence microscopy and fluorescence spectroscopy 

Fluorescence microscopy was used to demonstrate YFP fluores- 
cence at the surface of the transfected cells. COS-1 cells were 
transfected with either the intact YFP construct or the comple- 
mentary YFP-N and YFP-C constructs, as described previously 
(Harikumar et al. 2008 a,b). Cell surface YFP fluorescence was 
evaluated using a Zeiss Axiovert 200M epifluorescence inverted 
microscope with a dedicated YFP filter set (excitation, 480 nm ; 
dichroic mirror, Q515 lp ; emission, 525 nm). Images were collected 
using a monochromatic ORCA-12ER CCD camera (Hamamatsu) 
with QED-InVivo 2.039 acquisition software (Media Cybernetics). 
Steady-state fluorescence intensity measurements were performed 
in a FluoroMax-3 fluorometer (SPEX Industries) with samples at 
room temperature in a 1-mL quartz cuvette. Transfected cells 
were harvested and transferred into a 1-mL cuvette where the 
sample was excited using 480 nm light, and YFP fluorescence 
emission was monitored between 500 nm and 600 nm. Back- 
ground fluorescence was corrected by analogous measurements 
using untransfected cells. Fluorescence anisotropy measurements 
were performed as described previously (Harikumar et al. 2008a). 



Triton X-114 phase separation assay 

The phase separation assay was performed as previously described 
(Willert et al. 2003). HEK293 cells were transiently transfected 
with MBP-Norrin expression vector, and the medium supernatant 
was collected after 4 d and concentrated. As a control, HEK293 
cells were transiently transfected with MBP-Rhodopsin expres- 
sion vector for 1 d, and the cells were lysed using a solution of 
0.5% n-dodecyl-0-D-maltoside, 0.1% cholesterol, 150 mM NaCl, 
and 20 mM Tris (pH 7.5) at 4°C. The cell lysate was centrifuged at 
40,000 rpm for 30 min, and the supernatant was used for the phase 
separation assay. MBP-Norrin conditioned medium or MBP- 
Rhodopsin lysate were mixed 1:1 with ice-cold 4.5% Triton 
X-114, 150 mM NaCl, and 10 mM Tris-HCl (pH 7.5); incubated 
for 5 min on ice and then 5 min at 31°C; and centrifuged at 
2000g for 5 min at 31°C. The top, aqueous phase was separated 
from the bottom Triton X-114 detergent phase, and equal volumes 
were analyzed for Western blot. 
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